sociation with enhanced secretion of interferon-␥ in recall responses of splenocytes. Conclusions: HIF-1 ␣ contributes to allergic immune responses and lung eosinophilia in a mouse model of asthma.
upregulation of several HIF-1 dependent target genes in a mouse model of asthma, including the glycolytic enzymes aldolase A, triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase and enolase 1 [5] . Other potential HIF-1 ␣ targets in asthma include vascular endothelial growth factor (VEGF), which is increased in the airway in asthmatics and causes angiogenesis [6] , and MUC5AC [7] . The expression of HIF-1 ␣ is increased in airway biopsies from asthmatics [8] and also in activated mast cells [9] . Furthermore, a novel thiol compound was recently shown to attenuate allergic lung inflammation in mice, in association with reduced HIF-1 ␣ expression [10] . Despite these indirect associations, there is currently little direct evidence that HIF-1 ␣ contributes to airway inflammation or allergic immune responses.
Complete deficiency of HIF-1 ␣ in mice results in embryonic lethality at midgestation that is associated with cardiovascular and neural tube defects [11] , as well as abnormalities in B cell development after blastocyst complementation [12] . Mice that are heterozygous for a Hif1a knockout allele develop normally but have impaired physiological responses to hypoxia and ischemia [13] [14] [15] .
Here we investigated T cell cytokine gene expression using heterozygous HIF-1 ␣ +/-mice in a mouse model of asthma.
Methods

Animal Care
Female HIF-1 ␣ +/-mice, and wild-type littermate controls on the C57BL6 ! 129 background between 6-8 weeks of age were used in all experiments. Experiments were conducted blinded to genotype at the Johns Hopkins University School of Medicine in compliance with the animal care and use committee guidelines.
Flow Cytometry and Western Blot
We first analyzed the cellularity and composition of the thymus, peripheral lymph nodes, and spleen in wild-type and HIF-1 ␣ +/-littermates using immunofluorescence and flow cytometry with antibodies directed against CD3, CD4, CD8, B220 and NK1.1 (all from Pharmingen) and a CellQuest flow cytometer. HIF-1 ␣ protein was analyzed in whole cell splenocyte lysates (40 g/lane) using a commercially available antibody (Abcam) as described [2] .
Cell Isolation and Stimulation
Spleen CD4+ T cells were isolated using negative immunomagnetic selection and commercially available kits according to the manufacturer's instructions (Miltenyi, Biotech). Cells were cultured in RPMI-1640 (1 ! 10 6 /ml) supplemented with 10% fetal calf serum (Hyclone) and stimulated with plate-bound anti-CD3 antibodies (5 g/ml, Invitrogen) plus soluble anti-CD28 (5 g/ ml, Invitrogen) for 72 h. Cell-free supernatants were analyzed by ELISA using commercially available kits [interleukin (IL)-4, 5, 6 and interferon (IFN)-␥ ; R&D Systems].
Mouse Asthma Model
Female mice were sensitized with endotoxin-free ovalbumin (Ova; Grade V, Sigma, 20 g) adsorbed to aluminum hydroxide (Pierce) by intraperitoneal (i.p.) injection on days 0 and 14, followed by intranasal (i.n.) challenge with ovalbumin solution (2.5 g in 75 l phosphate buffered saline, PBS) on days 28, 29 and 30. On day 33 (72 h after the last challenge), mice were sacrificed, bronchoalveolar lavage (BAL) was performed with 1 ml aliquots of PBS, and splenocytes were isolated using sterile techniques. BAL fluids were analyzed by cytospin and Diff-Quick staining, and spleen cells were incubated with ovalbumin (5 g) for 72 h. Lung tissues were analyzed using routine histology and hematoxylin and eosin staining. An aliquot of total splenocyte RNA was analyzed by reverse transcription PCR using primers specific for the lineage-specific transcription factor GATA3 and GAPDH as control. Cell-free supernatants were analyzed for cytokine secretion by ELISA using commercially available kits, as above.
Results
There were no differences in the numbers or composition of CD4+, CD8+, or CD4+CD8+ lymphocytes in the thymus of HIF-1 ␣ +/-mice compared to wild-type controls, and similarly no differences in the number or composition of spleen or peripheral lymph node T or B cells (data not shown). We confirmed that HIF-1 ␣ protein expression was reduced in HIF-1 ␣ +/-splenocytes ( fig. 1 a) , and concluded that partial deficiency of HIF-1 ␣ does not grossly perturb lymphocyte development.
Lukashev et al. [16] and colleagues recently reported that a HIF-1 isoform inhibited T cell activation. Therefore, we next investigated whether partial HIF-1 ␣ +/-deficiency affected T cell activation in vitro. To test this possibility, we isolated CD4+ T cells from wild-type or HIF-1 ␣ +/-mice and stimulated them with antibodies directed against the T cell receptor and CD28. Figure 1 b shows that after 72 h, CD4+ T cells from HIF-1 ␣ +/-mice released significantly more IFN-␥ than their wild-type counterparts (p ! 0.05), whereas IL-4 production was not significantly different between genotypes ( fig. 1 c, p = not significant).
We next wanted to determine the effects of partial HIF-1 ␣ deficiency on an allergen-driven immune response. To investigate this, we used wild-type and HIF-1 ␣ +/-littermates in a standard mouse model of asthma using ovalbumin as the model allergen (see Methods). After Ova sensitization and challenge, eosinophils were readily detectable in BAL from wild-type mice and sig-nificantly compared to HIF-1 ␣ +/-mice ( fig. 2 a) . This was not accompanied by differences in the total number of inflammatory cells recruited to the lungs, and although there was a trend towards greater BAL neutrophilia in HIF-1 ␣ +/-mice compared to wild-type controls (29 vs. 22%) this did not reach statistical significance ( fig. 2 a and  data not shown) . Similar results were observed using lung tissues where we observed greater numbers of peri-bronchial and perivascular eosinophils in wild-type versus HIF-1 ␣ +/-littermates (data not shown). In order to determine if reduced BAL eosinophilia was due to a less Th2-biased immune response in HIF-1 ␣ +/-mice, we first analyzed BAL supernatants for IL-4 and IFN-␥ . The levels of these cytokines were at or below the detection limit (7.5 pg/ml) for each cytokine tested, possibly reflecting strain-or protocol-dependent factors. However, in recall challenge assays in which splenocytes from wild-type and HIF-1 ␣ +/-littermate mice were restimulated with Ova, we found that IFN-␥ production, which was below the detection limit using wild-type cells, was significantly enhanced in HIF-1 ␣ +/-splenocytes, whereas IL-4 production was unaffected by genotype ( fig. 2 b, c) . Similarly, equal amounts of IL-5 were produced by wild-type and HIF-1 ␣ +/-splenocytes in response to Ova (35 8 2.3 vs. 38 8 4.6 pg/ml, respectively). Expression of mRNA of the Th2 lineage marker GATA3 did not differ between groups ( fig. 2 d) . These data suggest that reduced BAL eosinophilia in HIF-1 ␣ +/-mice may be due to excess production of IFN-␥ , a cytokine that counteracts allergen-driven eosinophilia.
Discussion
Although there is growing evidence that hypoxia-inducible transcription factors contribute to the pathophysiology of asthma [5, 6] , very little is currently known about whether or how HIF-1 ␣ regulates allergic immune responses. We show using gene-targeted mice that partial deficiency of HIF-1 ␣ results in: (1) higher secretion of IFN-␥ from both CD4+ T cells activated polyclonally as well as splenocytes activated in an antigen-specific fashion, and (2) attenuated BAL eosinophilia in a mouse model of asthma. These novel data suggest that by repressing IFN-␥ HIF-1 ␣ might promote allergen-specific immune responses in a T cell intrinsic manner.
In the context of a normal immune response, T cells will be exposed to hypoxic tissue microenvironments as they traverse secondary lymphoid organs such as the spleen, where very low oxygen tensions have been recorded [17] . In addition, HIF-1 ␣ can also be activated under normoxic conditions by cytokines and growth factors [3, 4] . Emerging data suggest that hypoxia and HIF-1 regulate several aspects of T cell biology. For example, hypoxia potentiates T cell survival [17] , which was recently attributed to HIF-1-mediated expression of adrenomedullin and inhibition of activation-induced cell death [18] . Hypoxia also downregulates T-cell Kv1.3 channels and can affect Ca 2+ signaling [19, 20] , although it is currently not known whether these are HIF-1-dependent effects.
Our data add to growing literature indicating that HIF-1 ␣ is a negative regulator of T cells. For example, using an elegant T cell specific conditional deletion strategy, Thiel et al. [21] showed that HIF-1 ␣ deficiency resulted in enhanced T cell activation in a mouse model of sepsis. Exactly how HIF-1 ␣ regulates T cell activation and IFN-␥ secretion remains to be determined. We found that partial HIF-1 ␣ deficiency enhanced allergen-driven IFN-␥ secretion without affecting expression of the Th2/ Th1 markers GATA3 or T-bet ( fig. 2 ; data not shown) . This suggests that HIF-1 ␣ might directly repress cytokine gene secretion per se more than T helper differentiation, and are in keeping with the recent report of Lukashev et al. [16] . We found that HIF-1 ␣ did not regulate activity of a 312 base pair human IFN-␥ promoter reporter construct, suggesting that the repressive effects of HIF-1 ␣ are not mediated at the level of promoter activation (data not shown). Therefore, the precise mechanism(s) by which HIF-1 ␣ regulates IFN-␥ expression remain to be determined. It will be interesting in future studies to examine the effects of HIF-1 ␣ on T cell lineage commitment, including possible effects on the development or function of regulatory T cells.
We used mice that were partially deficient in HIF-1 ␣ , since complete deficiency of this factor results in embryonic lethality. Previous studies in other models have shown that partial deficiency of HIF-1 ␣ is sufficient to attenuate responses to hypoxia and ischemia [13] [14] [15] . For example, Li et al. [14] found that HIF1-␣ +/-were protected from metabolic derangements induced by intermittent hypoxia in association with alterations in cytokine production in adipocytes. Taken together with our findings, these data indicate that HIF-1 ␣ regulates diverse cellular responses in a gene-dosage dependent manner. A likely explanation for reduced lung eosinophilia we report is the known inhibitory effect of IFN-␥ on eotaxin-3 gene expression [22] . Future studies in which the expression of HIF-1 ␣ can be regulated in T cells should help clarify the role of this factor in allergic immune responses.
In summary, we report novel data implicating the transcription factor HIF-1 ␣ in the allergic immune response to Ova. Partial deficiency of HIF-1 ␣ results in attenuated lung eosinophilia in association with higher allergen-driven IFN-␥ production. Our data suggest that HIF-1 ␣ normally serves to repress IFN-␥ expression in a T cell intrinsic manner, and that inhibiting HIF-1 ␣ may be beneficial in treating allergic lung inflammation.
